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Publications and Program Services Department at the Lunar and Planetary Institute. 
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Kristoffer Leer, Mads Højsgaard and Steen Roswall, Earth and Planetary Physics, Niels Bohr 
Institute, University of Copenhagen. 
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showed us the location of the paper mill of Tycho Brahe and told us about the person Tycho 
Brahe and some of the many projects he conducted on Hven. 
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In situ nanometre imaging of cometary dust with the MIDAS atomic force microscope
M.S. Bentley (1), K. Torkar (1), H. Jeszenszky (1), J. Romstedt (2) and J. van de Biezen (2)
 
(1) Institut für Weltraumforschung, 8042 Graz, Austria (mark.bentley@oeaw.ac.at), (2) Science and Robotic Exploration, 
ESA/ESTEC, 2200 AG Noordwijk, The Netherlands
Abstract
The MIDAS instrument onboard Rosetta [1] will offer the 
first ever 3D nanometre to micrometre in situ images of 
cometary dust particles and aggregates on arrival at comet 
67P/Churyumov-Gerasimenko  in  2014.  By  using  the 
principle of atomic force microscopy MIDAS (Figure 1) 
will  non-destructively  image  particles  collected  on  61 
targets, exposed over a range cometary and heliocentric 
distances.
Figure 1: The internals of the MIDAS instrument.
As  well  as  providing  basic  imaging  and  particle 
morphology, MIDAS aims to extend characterisation of 
the integrated dust flux below the size limits available to 
other  instrumentation.  Several  tips  are  also magnetised, 
allowing any ferromagnetic minerals to be identified and 
mapped.
MIDAS collects dust by exposing individual  targets for 
periods of hours, weeks or months, depending on the level 
of cometary activity. Dust flux models are used in the first 
instance to calculate the exposure times necessary to give 
appropriate  coverage.  Exposed  targets  can  then  be 
scanned  by  one  of  sixteen  cantilevers  with  a  lateral 
resolution of up to 4 nm, and up to ~0.2 nm in height.
MIDAS does not have an associated optical microscope 
and so the first challenge is to locate particles suitable for 
high resolution scanning. A second challenge is ensuring 
that the force exerted on the sample by the vibrating tip is 
minimised to non-destructively image potentially fragile 
sample.
Figure 2: A topographic (top) and phase (bottom) MIDAS 
scan of a micron sized calcite particle.
During  the  10  year  cruise  phase,  a  campaign  of 
measurements  (using  the  flight  spare)  and  numerical 
modelling  has  and  is  being  undertaken  to  optimise  the 
measurement  procedure  and  prepare  for  the  cometary 
encounter. This includes imaging of a variety of materials, 
for example the calcite sample shown in Figure 2. 
Here  we  will  first  review  the  scientific  goals  and 
operating procedures of the MIDAS instrument, and show 
some of the latest results of the ground campaign.
Finally, although MIDAS was the first space-borne AFM 
to be built, the Mars Phoenix microscope has the privilege 
of  being  the  first  to  operate  off-Earth.  Despite  the 
comparatively  different  design  of  the  two  instruments, 
their  commonalities  are  sufficient  to  begin  a  useful 
dialogue  on  the  science  and  operation  of  such 
instruments.
References
 [1] Riedler, W. et al. (2007) Space Science Reviews, 128, 
869-904.
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CHARACTERIZING THE AQUEOUS MATERIALS IDENTIFIED BY CRISM ON MARS THROUGH 
ANALYSIS OF TERRESTRIAL ANALOG SITES.     J. L. Bishop,  Carl Sagan Center, The SETI Institute & 
NASA-Ames Research Center, Mountain View, CA, 94043  (jbishop@seti.org). 
 
Introduction: The surface mineralogy of Mars 
provides clues to its geologic history, including aque-
ous processes.  Phyllosilicates and sulfates are key 
indicators of water on Mars and appear to have oc-
curred in the Noachian and Hesperian, respectively [1]. 
Hyperspectral visible/near-infrared imaging is enabling 
identification of these mineral classes [2, 3]. Recent 
analysis using the Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) on MRO has enabled 
identification and characterization of abundant and 
varied phyllosilicates and sulfates across the planet [3], 
building on initial detections of these minerals with 
OMEGA [4]. Analysis of these remote mineral obser-
vations in context with lab and field studies provides a 
connection between the orbital and landed data. 
MRO/CRISM collects 544 wavelengths from 0.36 
to 3.9 µm in ~10-12 km wide swaths at 18 m/pixel in 
high resolution mode [2]. Images are processed for 
instrumental effects, converted to I/F, and atmospheric 
effects are minimized using a ratio to Olympus Mons.  
One region with ample phyllosilicate outcrops is 
the Noachian-aged upland terrains near the ancient 
outflow channel Mawrth Vallis. A common phyllosili-
cate stratigraphy is observed here with nontronite at 
the bottom, covered by a ferrous phase, then hydrated 
silica, montmorillonite and kaolinite [5].  
 
Fig. 1 Martian spectra of clay minerals from Mawrth 
Vallis [5] compared to lab spectra of clay minerals. 
Sulfate-bearing deposits occur in Valles Marineris, 
Terra Meridiani and the N polar region [4]. A variety 
of sulfates, hydrated silica and phyllosilicates have 
been observed in the greater Valles Marineris region 
[6]. Many of these phases have been observed at Ju-
ventae Chasma and the nearby plateau [7].  
Characterization of altered volcanic material from 
e.g. Hawaii [8] may help us to connect the remote 
mineral identifications with in situ data from landed 
missions. Example images are shown in Fig. 2 from a 
solfatara site at Kilauea, Hawaii. Analysis of the tex-
ture, shape, color, and relative sizes of the grains of 
Mars analog sites may help understand microsopic 
images collected by MER [9] and Phoneix [10]. 
 
 
Fig. 2  Altered volcanic material from the South Sulfur 
bank solfatara site. Images c & d at 1000X. Reflec-
tance spectra show bands due to Fe, H2O and OH. 
References: [1] Bibring J.-P. et al. (2006) Science, 312, 
400-404.  [2] Murchie S. L. et al. (2009a) JGR, in press.  [3] 
Mustard J. F. et al. (2008) Nature, 454, 305-309.  [4] Bibring 
J.-P. et al. (2005) Science, 307, 1576-1581.  [5] Bishop J. L. 
et al. (2008) Science, 321, 830-833.  [6] Murchie S. L. et al. 
(2009b) JGR, in press.  [7] Bishop J. L. et al. (2009) JGR, in 
press.  [8] Bishop J. L. et al. (2005) LPSC XXXVI, Abstract 
#1456.  [9] Herkenhoff, K. E. et al. (2006) JGR, 111, 
E02S04. [10] Goetz W. et al. (2009) JGR, in review.  
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Introduction: The Mars Science Laboratory 
(MSL) rover, Curiosity, is expected to land on Mars in 
2012. The Mars Hand Lens Imager (MAHLI) will be 
used to document martian rocks and regolith with a 2-
megapixel RGB color CCD camera with a focusable 
macro lens mounted on an instrument-bearing turret on 
the end of Curiosity’s robotic arm.  
 
 
The flight MAHLI camera head with pocket knife 
(88.9 mm long) for scale. 
 
Overview: The flight MAHLI can focus on targets 
at working distances of 20.4 mm to infinity. At 
20.4 mm, images have a pixel scale of 13.9 !m/pixel. 
The pixel scale at 66 mm working distance is about the 
same (31 !m/pixel) as that of the Mars Exploration 
Rover (MER) Microscopic Imager (MI). MAHLI cam-
era head placement is dependent on the capabilities of 
the MSL robotic arm, the design for which presently 
has a placement uncertainty of ~20 mm in 3 dimen-
sions; hence, acquisition of images at the minimum 
working distance may be challenging.  
Instrument: The MAHLI consists of 3 parts: a 
camera head, a Digital Electronics Assembly (DEA), 
and a calibration target. The camera head and DEA are 
connected by a JPL-provided cable which transmits 
data, commands, and power. JPL is also providing a 
contact sensor. The camera head will be mounted on 
the rover’s robotic arm turret, the DEA will be inside 
the rover body, and the calibration target will be 
mounted on the robotic arm azimuth motor housing. 
Camera Head. MAHLI uses a Kodak KAI-
2020CM interline transfer CCD (1600 x 1200 active 
7.4 !m square pixels with RGB filtered microlenses 
arranged in a Bayer pattern). The optics consist of a 
group of 6 fixed lens elements, a movable group of 3 
elements, and a fixed sapphire window front element. 
Undesired near-infrared radiation is blocked using a 
coating deposited on the inside surface of the sapphire 
window. The lens is protected by a dust cover with a 
Lexan® window through which imaging can be ac-
complished if necessary, and targets can be illuminated 
by sunlight or two banks of two white light LEDs. Two 
365 nm UV LEDs are included to search for fluores-
cent materials at night. 
DEA and Onboard Processing. The DEA incorpo-
rates the circuit elements required for data processing, 
compression, and buffering. It also includes all power 
conversion and regulation capabilities for both the 
DEA and the camera head. The DEA has an 8 GB non-
volatile flash memory plus 128 MB volatile storage. 
Images can be commanded as full-frame or sub-frame 
and the camera has autofocus and autoexposure capa-
bilities. MAHLI can also acquire 720p, ~7 Hz high 
definition video. Onboard processing includes options 
for Bayer pattern filter interpolation, JPEG-based 
compression, and focus stack merging (z-stacking). 
Manufacture and Operation: Malin Space Sci-
ence Systems (MSSS) built and will operate the 
MAHLI. Alliance Spacesystems, LLC, designed and 
built the lens mechanical assembly. MAHLI shares 
common electronics, detector, and software designs 
with the MSL Mars Descent Imager (MARDI) and the 
2 MSL Mast Cameras (Mastcam). Pre-launch images 
of geologic materials imaged by MAHLI are online at: 
http://www.msss.com/msl/mahli/prelaunch_images/. 
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INTERDISCIPLINARY PREPARATION PHASE FOR FUTURE MARS MISSIONS.  P. Ehren-
freund1,2   & Atacama expedition 2005 members and MDRS Crew #77, 1Leiden Institute of Chemistry, 
Einsteinweg 55, 2333CC, Leiden, the Netherlands,  2Space Policy Institute, Elliott School of Interna-
tional Affairs, Washington DC, USA (pehren@gwu.edu) 
 
 
Introduction:  The search for extinct or extant 
life on Mars is one of the main goals of space 
missions to the red planet during the next decade. 
We describe the investigation of the physical and 
chemical properties of Mars soil analogs [1] col-
lected in arid deserts (Atacama, Chile/Peru)), 
close to the Mars Desert Research Station MDRS 
in Utah and from Denmark. We measured the pH, 
redox potential, ion concentrations, as well as 
carbon and amino acid abundances of soils col-
lected from the Atacama desert (Chile and Peru) 
and the Salten Skov sediment from Denmark. The 
samples show large differences in their measured 
properties, even when taken only several metres 
apart. A desert sample and the Salten Skov sedi-
ment were exposed to simulated Mars environ-
ment to test the stability of amino acids in the 
soils [2]. With the MDRS Crew 77 we collected 
soil samples from different locations in the vicini-
ty of MDRS station in Utah from the Morrison 
formation and investigated those soils in the la-
boratory with Terra XRD/XRF (X-ray diffrac-
tion/X-ray fluorescence) from InXitu Inc. and a 
Raman InPhotonics (LAS-750-300 Class 3b em-
bedded Diode Laser, 785 nm wavelength) instru-
ment. We also measured selected soil properties 
including pH value and elemental composition of 
Ca, K, P, Mg, and nitrate directly in the field us-
ing colorimetric chemical reactions (LaMotte Soil 
Testing System). 
The presented laboratory and field studies 
provide limits to exobiological models, evidence 
on the effects of subsurface mineral matrices on 
organic material, support current and planned 
space missions and address planetary protection 
issues. 
 
 
 
 
 
 
 
 
References.  
[1] Seiferlein, K., Ehrenfreund, P., Garry, J., 
Gunderson, K., Kargl, K.,  Maturilli, A.,  
Merrison, JP.,  (2008) Simulating Martian regolith 
in the laboratory,, Planetary and Space Science 56, 
2009-2025 [2] Peeters, Z., Quinn, R., Martins, Z., 
Sephton, MA.,  Becker, L., van Loosdrecht, 
MCM., Brucato, J.,  Grunthaner, F., Ehrenfreund, P. 
(2009) Habitability on planetary surfaces: 
interdisciplinary preparation phase for future Mars 
missions, Int. Journal of Astrobiology,  in press 
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Different Types of Phoenix Soil Particles as Inferred from Microscopic Color Images, W. Goetz1, T.W. Pike2, 
M. H. Hecht3, U. Staufer4, H. Sykulska2, S. Vijendran5, D. Parrat6, M.B. Madsen7, L. Drube7, K. Leer7, and H.U. 
Keller1, 1Max Institute for Solar System Research, 37191 Katlenburg-Lindau, Germany, goetz@mps.mpg.de, 2Dept. 
of Electrical and Electronic Eng., Imperial College, South Kensington Campus, London SW7 2AZ, UK, 3Jet Propul-
sion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA, 4MNE - Laboratory, TU Delft, 
Mekelweg 2, 2628 CD Delft, The Netherland, 5ESTEC, Keplerlaan 1 Postbus 299, 2200 AG Noordwijk, The Nether-
lands, 6IMT, University of Neuchatel, Jaquet-Droz 1, 2002 Neuchatel, Switzerland, 7Niels Bohr Insitute, Copenha-
gen University, Juliane-Maries Vej 30, 2100 Copenhagen OE, Denmark. 
 
Introduction: The Optical Microscope (OM) on-
board the Phoenix Spacecraft has returned color im-
ages (4 μm/pixel) of soils that were accumulated on 
various substrates (including magnetic and sticky sub-
strates). The process of sample delivery and image 
acquisition is described in [1]. 
 
Analysis and Results: Based on inferred particle 
size, shape and color the Phoenix soil particles are 
divided up into four classes [2] (Fig.1): (a) Red fines, 
(b) brown sand, (c) black sand, (d) white fines. These 
are generic names to designate groups of particles. The 
fines are composed of unresolved particles (diameter 
≤ 10 μm), the “sands” are actually composed of both 
silt- and sandsized grains with sizes ranging from 20 to 
120 μm. All grains are substantially magnetic, as they 
stick to vertically oriented magnetic substrates [2]. The  
diversity of class (b) may require further subdivision 
(see dotted yellow arrows in Fig.1). 
 
Interpretation: The origin of the different classes 
of particles is uncertain, although comparison with 
suitable terrestrial Mars analogue materials provides 
some clues [2,3]. 
 
References: [1] H. Sykulska et al., An Overview 
of OM and AFM Data Acquisition by the MECA In-
strument on Phoenix, MSMS I, 2009. [2] W. Goetz et 
al., Microscopic Structure of Soils at the Phoenix 
Landing Site, Mars: Classification and Description of 
their Optical and Magnetic Properties, submitted to 
JGR, 2009. [3] R.V. Morris et al., Origins of Marslike 
Spectral and Magnetic Properties of a Hawaiian 
Palagonitic Soil, JGR  95(B9), 14427-14434. 
 
 
 
 
Figure 1 Different types of Phoenix soil particles. All images are at the same scale (500 μm wide). Yellow 
arrows specify silt- to sand-sized grains (dotted arrows: class b, solid arrows: class c ) White arrows specify white fines 
(class d). The red fines have a low bulk density and are not specifically marked, as they are pervasive (see especially a 
and c). The grains make up ~ 80 wt.% of the soil. 
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`PHOENIX, MECA, AND THE MICROSTRUCTURE OF MARTIAN SOIL.  M. H. Hecht1 and the MECA 
team, 1Jet Propulsion Laboratory, California Institute of Technology, michael.h.hecht@jpl.nasa.gov 
 
 
The Microscopy, Electrochemistry, and Conductiv-
ity Analyzer (MECA) on the Phoenix lander com-
bined three experiments in a single instrument suite 
(Fig. 1): The Microscope Station (MS), the Wet Che-
mistry Laboratory (WCL); and the Thermal and Elec-
trical Conductivity Probe (TECP). The MS [1], ob-
served soil particles ranging from micron to millime-
ter size with optical and atomic force microscopes. It 
was complemented by Phoenix’ Surface Stereo Imager 
(SSI) and the Robotic Arm Camera (RAC), which 
placed the particles in a context of bulk soil, rocks up 
to tens of centimeters in size, polygonal surface topo-
graphy several meters in scale, and  kilometer-scale 
landscapes. 
Sharing an enclosure with the MS, the WCL pro-
vided the means to address the soluble chemistry of 
martian soil [2]. The highlights of the WCL results 
include the finding that most of the soluble chlorine is 
in the form of perchlorate, and that the solution is 
buffered by carbonates [3].  Overall, soluble salts 
comprised a few percent of the soil content, challeng-
ing the microscopy investigation to determine whether 
the salts are segregated in crystalline form or, for ex-
ample, in the form or coatings on dust grains. 
The TECP [4] was inserted into the soil to evaluate 
water in all phases by means of thermal, electrical, 
and relative humidity measurements. It confirmed that 
the soil is dry, insulating, and loosely packed, but it 
also indicated that the soil absorbs the equivalent of 
several microns of water vapor each night (the content 
of the lower atmosphere), releasing it again in the 
daytime. It is possible that this water is simply ad-
sorbed, but the P-T characteristics are consistent with 
formation of a high hydration state of magnesium per-
chlorate. 
Among its many contributions, the RAC was used 
to document the cohesiveness of the soil, which was a 
frustrating impediment to sample delivery. While this 
could be electrostatic in nature, the behavior seemed 
to vary with time of day, possibly implicating water 
films. 
Collectively, the TECP, WCL, and RAC results al-
low speculation about the role of water in soil wea-
thering. While the soil is pathologically dry by terre-
strial standards, it does “breathe” water vapor. The 
amount of such water may be greater during climate 
excursions, and even at night-time temperatures it 
may be in “non-frozen” states by virtue of its adsorp-
tion state or its association with perchlorate, a brine-
forming salt. To the extent that they can be treated as 
solutions, the pH of such films is likely to be near-
neutral due the presence of calcium carbonate at the 
level of a few percent. Results from the microscopy 
experiment can potentially determine whether these 
conditions are sufficient to produce significant chemi-
cal weathering over geological time scales.  
 
 
 
 
Fig. 1, top: The MECA 
enclosure prior to instal-
lation on the spacecraft. 
In the foreground are 
the WCL cells  Behind 
WCL is the microscopy 
station in a light-
shielded compartment. 
Left: The TECP extends 
to the the right at the 
end of the robotic arm. 
 
References: [1] Hecht M.H. et al. (2008), JGR, 
113, E00A22 [2]  Kounaves S.P. et al. (2008), JGR, 
113 [3] Hecht M.H. et al, Science 325, p.64 (2009), [4] 
Zent A.P. et al., (2008), JGR, 113  
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DUST ERUPTIONS ONMARS BY TEMPERATURE GRADIENT INDUCED FORCES.
T. Kelling∗1, G. Wurm1, D. Reiss1, M. Kocifaj2, J. Klacˇka3, J. Teiser1.1Universita¨t Mu¨nster (Ger-
many), 2Slovak Academy of Science (Slovakia), 3Comenius University (Slovakia), ∗thorben.kelling@uni-
muenster.de
Introduction: Dust lifting processes on Mars are
an active field of investigation [1]. Explanations
have to be found to clarify the existence of dust
devils even at hight altitudes (meaning low pres-
sure) [2]. In general, wind stress is supposed to
be the main lifting process [3]. Wind speeds of
around 30 m/s would be needed at low elevations
(higher perssures) and far greater velocities are
needed to lift dust at high altitudes. While locally
such winds may appear, the average wind velocity
on Mars is too low to explain dust lifting by winds
[4] – especially at high elevations. We found, that
temperature induced forces are capable of procur-
ing dust ejections and even massive dust eruptions
from a dust bed [5, 6].
Experiments: A Mars soil simulant (JSC Mars
1A) was placed in a vacuum chamber which was
evacuated to typical martian pressures of some
mbar. The dust bed was illuminated to create tem-
perature gradients within the dust bed and parti-
cle ejections and eruptions were observed. Several
different temperature gradient dependend lifting
processes are at work, e.g. thermophoresis, pho-
tophoresis or Knudsen Compressor effects. The
threshold for particle ejections caused by a solid-
state greenhouse effect and photophoresis (GP-
effect) can be expressed in terms of the infalling ra-
diation flux I and the temperature T . While these
forces only result in minor particle ejections, Knud-
sen Compressor effects cause continuous and major
eruptions. These eruptions are even enhanced if
a transition from illumination to no illumination
occurs.
Results and Conclusions: The I/T thresholds
of the photophoretic ejections for the JSC Mars 1A
at 1 mbar are shown in Fig.1.
Figure 1: The I/T threshold for particle ejection
of photophoretic forces for the JSC Mars 1A un-
der Earth gravity conditions (g = 9.81 m/s2) at 1
mbar with and without cohesion forces is depicted
and extrapolated to martian gravity (0.38g = 3.7
m/s2). I/T thresholds for particle ejections can be
exceeded in several regions on Mars [6].
The photophoretic ejections have their maximum
(minimum radiation flux needed) at pressures
around 1mbar – but they also work good at higher
pressures. Pressures of just some mbar are found
at high elevations on Mars. The needed I/T val-
ues can be found on Mars, if the cohesion forces
between the dust particles are overcome by e.g.
existing wind eddies [6]. While the wind velocities
of these wind eddies alone are too low to lift parti-
cles, the interplay of the GP-effect and drag forces
might result in particle lift.
Further Work: Recently we found, that Knudsen
Compressor effects can lead to particle levitation
[7] but also to massive particle eruptions for the
JSC Mars 1A soil simulant for higher intensities.
Even more particle releases are observed, if the
light source is switched off. As the GP-effect the
Knudsen Compressor effect works good at mbar
pressures for the JSC Mars 1A. We suppose, that
the massive transition eruptions may be the dom-
inant dust lifting process for dust devils. Moving
dust devils, which are optically thick, induce a fast
transition from light to shadow for the underlying
dust bed. Even for lower initial radiation inten-
sities, this will result in particle eruptions. As
long as the wind eddy exists, dust devils on Mars
may be self sustained even at low pressures or high
altitudes.
References
[1] R. Greeley et al., JGR, 108, 2003.
[2] D. Reiss et al., this workshop, 2009.
[3] R. Greeley et al., GRL, 7, 1980.
[4] R.M. Haberle et al., JGR, 104, 1999.
[5] G. Wurm and O. Krauss, PRL 96, 2006.
[6] G. Wurm et al., GRL., 35, 2008.
[7] T. Kelling and G. Wurm, PRL, submitted.
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Soils at Gusev Crater and Meridiani Planum.  G. Klingelhöfer1, I. Fleischer1, R.V. Morris2, and the MIMOS 
II team,  1Johannes Gutenberg-University Mainz, Inst. Inorganic and Analytical Chemistry, Staudinger Weg 9, D-
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Introduction:  The two Mars Exploration Rovers 
(MER) have explored the Martian surface for more 
than five Earth years. Both rovers carry a Miniaturized 
Mössbauer spectrometer (MIMOS II) mounted on the 
“Instrument Deployment Device” (IDD) which places 
the instrument in contact with samples of interest. 
Mössbauer spectra bear information about the iron 
mineralogy and distribution of iron between different 
oxidation states.  
A large number of soil samples has been analysed 
over the course of the mission. Samples of bright soil 
and dust were measured at both landing sites and 
found to be very similar, suggesting that this most 
common type of soil or dust occurs as a well-mixed 
global component (figure 1 a, b). Mössbauer spectra 
show a basaltic signature with ~30% olivine, ~35% 
pyroxene, ~25% nanophase ferric oxide (npOx), ~10% 
magnetite and minor hematite [1, 2]. 
Mössbauer spectra were also obtained on dust 
adhering to the magnets of the MER Magnetic 
Properties Experiment. The spectra can be modelled 
with magnetite and regular basaltic dust [3]. The high 
abundance of olivine in soil and dust implies that 
physical weathering rather than aqueous activity has 
played the dominant role in the formation of martian 
soil and dust currently observed on its surface[1].  
At Opportunity’s landing site, hematite-rich soils 
were encountered in addition to basaltic, olivine-rich 
soil. Spherules with diameters of a few mm were iden-
tified as the hematite-bearing component (figure 1 c). 
These spherules weather out of the sulphate-rich Me-
ridiani outcrop rocks [4, 5]. 
Very light-toned soils were encountered at Spirit’s 
landing site at one location in the Columbia hills and at 
three locations in the vicinity of Home Plate. These 
soils were found to be rich in SO3 or SiO2 [6]. The 
Mössbauer spectra of the former are dominated by a 
ferric doublet assigned to Fe3+sulphate (figure 1 d), 
which has likely formed through fumarolic or 
hydrothermal processes at the Home Plate system [7]. 
References:  
[1] Morris R.V. et al. (2006), J Geophys Res 111, 
E02S13. [2] Yen, A. et al. (2005), Nature 436, 49.  
[3] Goetz, W. et al. (2005), Nature 436, 62. [4] 
Klingelhöfer, G. Et al. (2004), Science 306, 1740.  
[5] Morris, R. V. et al. (2006), J Geophys Res 111, 
E12S15. [6] Gellert, R. et al. (2006) J Geophys Res 
111, E02S05. [7] Morris, R. V. et al. (2008), J 
Geophys Res 
Acknowledgements:  The Mössbauer Spectrome-
ter experiment MIMOS II on MER has been funded by 
the German Space Agency under contract 50QM9902. 
 
Figure1: Representative soil spectra from both landing sites. (a) soils from both landing sites show very similar 
Mössbauer spectra. (b) the most common soil type shows a basaltic signature. (c) hematite-rich soils contain spher-
ules weathered from Meridiani outcrop rocks. (d) light-toned soils are dominated by a ferric doublet interpreted as 
Fe3+ sulfate. 
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POSSIBLE ROLE OF GREEN RUST IN THE MARTIAN ENVIRONMENT. Chr. Bender 
Koch, Department of Basic Sciences and Environment, University of Copenhagen, 40 
Thorvaldsensvej, DK-1871 Frederiksberg C, Denmark (cbk@life.ku.dk). 
A number of Martian surface characteristics 
are strongly correlated to the presence of 
specific primary and secondary iron-
containing minerals, e.g. optical and magnetic 
properties. The secondary minerals in 
particular serve as an archive for 
reconstructing of past environmental 
conditions in terms of chemical composition 
(e.g. solution conditions) and reactions 
conditions (e.g. solid state vs. solution 
reactions). 
Albeit not confirmed to occur in typical soil 
environments on Earth, laboratory 
experiments on iron(III) oxide formation 
indicate that a particular structural and 
compositional simple compound, designated 
Green Rust, is an important transitional phase 
in oxidative reactions. 
Important indicators for overall oxidative 
conditions on the Martian surface are the 
presence of ferric minerals (e.g. jarosite and 
hematite) and nontronite forming via 
precipitation of ferrous phases that 
subsequently are oxidized.  
Based on the known structure, chemistry and 
formation conditions of Green Rust in the 
laboratory and in sediments from Earth, some 
possible limiting factors for the Green Rust 
formation on Mars will be discussed 
particularly focusing on the composition of 
the weathering solutions. 
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Introduction: The MECA (Microscopy, Electro-
chemistry and Conductivity Analyzer) on Phoenix 
[1,2] carried ten sets of six substrates with different 
abilities to attract and hold samples delivered by the 
Robotic Arm. Two of these substrates were magnets 
[3] with different magnetic strength. The dust and soil 
collected by the magnets was imaged by the Optical 
Microscope (OM). These images can be used to esti-
mate the amount of dust on the magnets. 
Problem: At Imperial College in London there is a 
test bed with an almost exact model of the microscopy 
station of the MECA where analogue samples can be 
delivered to the MECA. Here three samples with dif-
ferent saturation magnetization ( ) have been used to 
study how the amount of dust collected by the magnets 
is dependent on  and thereby it is possible to estimate 
 of the soil at the Phoenix landing site. 
 
Figure 1: magnetization curves of three selected Mars 
analogue samples. There are substantial differences in the 
saturation magnetization, ranging from about 0.5 Am2/kg to 
about 3 Am2/kg which covers the expected range for Martian 
soil. 
Results: Figure 2 shows a (false) color mosaic of 
OM images of the three samples. By changing the fo-
cus position of the OM it is possible to estimate the 
height of the piles on each magnet. The results are used 
for evaluation of the effective attraction by the magnets 
of material with the saturation magnetization measured 
for these analogue samples. 
 
 
Figure 2: The three analogue samples with different 
magnetization. For each sample the pile height on the strong 
and weak magnet are: Salten skov (640/720 m), Pyrrhotite 
(240/60 m) and Allard Lake (50/0 m), respectively. 
 
On Phoenix eight samples were delivered to the 
MECA microscopy station. Here the pile height on the 
strong magnet was typically 200-400 m and on the 
weak magnet 125-250 m. 
Conclusions:  
The Allard Lake sample is not sufficiently magnetic 
to explain the results obtained on Mars, since there is 
no sample on the weak magnet at all. The Salten Skov 
sample is too strongly magnetic to explain the results 
from Mars, while the Pyrrhotite sample behaves more 
like the Martian sample. It is therefore concluded that 
the soil at the Phoenix landing site has an average satu-
ration magnetization around 1.0 0.5 Am
2
/kg. 
References:  
[1] Hecht, M, et al. (2008), Microscopy capabilities of the 
Microscopy, Electrochemistry and Conductivity Analyzer,  
JGR, 113, E00A22, doi:10.1029/2008JE003077. [2] Sykuls-
ka, H. et al. (2009),  An overview of OM and AFM data ac-
quisition by the MECA instrument on Phoenix, MSMS-I (this 
issue). [3] Leer, K. et al. (2008), Magnetic Properties Expe-
riments and the Surface Stereo Imager calibration target 
onboard the Mars Phoenix 2007 Lander: Design, Calibra-
tion, and science goals,  JGR, 113, E00A16,  
doi:10.1029/2007JE003014. [4] Leer, K. (2009). 
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Capabilities of the MicrOmega Optical and NIR Microscope onboard ExoMars, B. Luethi
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Abstract: MicrOmega is a set of miniaturized  
microscopes, designed to characterize at a microscopic 
scale the structure, morphology and composition of 
rock and soil samples. MicrOmega/VIS acquires colour 
optical images with a spatial sampling < 4 µm.  
MicrOmega/IR acquires NIR hyperspectral images 
with a spatial sampling of 20 µm, in a spectral range 
(0.8 – 2.6 µm, plus 3 visible wavelengths) in which 
most constitutive materials have diagnostic signatures. 
For the ExoMars mission functional models of the 
two microscopes (Fig. 1) have been developed, built 
and tested.  
The results from testing of MicrOmega/VIS prom-
ise various improvements (higher resolution, larger 
field of view, higher signal-to-noise ratio, reduction of 
specular reflections, imaging of rough sample surfaces) 
compared to previous planetary microscopes such as 
the Beagle2-MIC or the Phoenix-OM. 
The functional model of MicrOmega/NIR demon-
strates the possibilities of a high-resolution (spatial and 
spectral) imaging spectrometer, where the mineralogy 
of a sample can be determined for every single (re-
solved) grain. 
 
 
 
  
 
Figure 1: Functional models of MicrOmega/VIS (left) and MicrOmega/NIR (right). The instrument key elements 
are labeled. 
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WIND DRIVEN GRAIN TRANSPORT ON MARS 
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2Niels Bohr Institute, University of Copenhagen, Denmark 
 
 
Introduction:  The wind driven transport of material 
at the surface of Mars is being actively researched both 
in laboratory simulators and through surface and or-
bital probes. Convergence is first now being reached 
between observation, simulation and theory. Specifi-
cally processes are being quantified whereby dust par-
ticulates aggregate and become dispersed allowing 
abundant dust transport at the wind speeds (wind in-
duced surface shear stress) observed, close to the 
threshold at which solid sand grains become mobilized 
(1,4,5).        
Granular electrification appears to be involved in the 
aggregation process, this is also being studied in detail 
both under Mars simulation environment and is still far 
from being well understood (2). 
Dust and wind flow sensing instrumentation will be 
presented which are being used in a laboratory envi-
ronment and also developed for forthcoming Mars 
missions.   
 
 
Figure 1. Dust aggregates created under Mars 
simulation conditions with sizes up to several mm di-
ameter. 
 
Wind Tunnel Simulations:  Using unique Mars 
simulation wind tunnel facilities at Aarhus University, 
Denmark studies of dust aerosol suspension, deposi-
tion and wind induced grain removal are being per-
formed in a controlled environment (3). Further more 
the effects of applying electric fields and the (micro 
scale) electrical properties of Mars analogue dust and 
sand are being investigated 
 
Figure 2 showing suspended dust exposure under 
simulated Martian conditions.  
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     Introduction:  Producing an environment close to 
the conditions at the surface of Mars requires access 
to simulation facilities which can reproduce the 
atmospheric properties (pressure, temperature, gas 
composition, dust environment, UV-VIS light 
conditions, wind flow etc.). At the Mars Simulation 
Laboratory, Aarhus University, Denmark such 
simulation facilities have existed since 2000 [1] as a 
wind tunnel placed in a vacuum chamber. This wind 
tunnel is 400 mm in diameter, and 1500 mm long. A 
wide range of applications have taken place, from 
development, test and calibration of instruments, over 
tests of solar panels, and aerodynamic studies of 
granular transport to studies of physical properties of 
dust materials such as grain electrification, 
aggregation and  magnetic properties [2,3]. The 
Salten Skov I analogue [4] and other Martian 
regoliths and dust analogues have been used in the 
wind tunnel experiments.  
 
      New Mars Wind Tunnel:  With the view to 
future research on Martian surface processes, 
instrument development and solar panel optimization 
a new ESA supported wind tunnel has been 
constructed at Aarhus University. The wind tunnel is 
currently (autumn 2009) close to being finally tested. 
It will have a cross section of close to 1 x 2 m and be 
able to reach a wind speed of close to 30 m/s under 
Martian pressure conditions and with samples cooled 
down to Martian temperatures (Figure 1).  
 
ESA, ExoMars use of this facility will have priority. 
However, research projects in collaboration with 
external users will continue like in the former wind 
tunnel. Later this year information on access 
possibilities will be announced at the Mars 
Simulation Laboratory home page: www.marslab.dk. 
 
 
 
Figure 1: Main assembly of the three sections of the 
Mars Simulation Facility. In the fan section (left) two 
fans pulls the air out of the ~ 1 x 2 m wind tunnel 
measuring section (middle) and circulates it through 
the top and bottom return tubes. To the right the 5 m 
upwind flow stabilisation tube of the wind tunnel is 
seen. 
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Introduction: The Atomic Force Microscope 
(AFM) of the Phoenix mission, as part of the MECA 
microscopy station, has produced topographs of very 
fine particles of the martian soil. An overview of the 
data acquisition is given in [1], and the scientific re-
sults are discussed in [2]. However, these measure-
ments could not have been made without taking into 
account certain constraints due to the nature of the in-
strument. 
 
Instrument description: The AFM is composed of 
a microfabricated probe chip (see figure 1) mounted on 
an x-y-z scanner (see figure 2.a), both connected to a 
single board control electronics [3]. The probe chip 
features an array of 8 micromachined cantilevers, each 
ending with a high aspect ratio silicon tip. These canti-
levers are mounted with 2 tilt angles relative to the 
sample (see figure 2.b). Thus, they can be engaged one 
after the other to provide redundancy. Each of the can-
tilevers features an integrated piezoresistive stress sen-
sor, and a Wheatstone bridge is employed to detect the 
resistance change. When the active tip scans the sample 
surface, the output of the bridge is processed and used 
in a feedback circuit to control the distance to the sam-
ple. Further explanations are given in [2]. 
 
Operation constraints: The planning of an AFM 
observation on a given sol was driven by different con-
straints, depending both on the instrument specificities 
and on the allocated resources (time, power, data vol-
ume). For example, a single AFM observation typically 
takes more than an hour to be executed, limiting the 
number of images per sol to 3 or 4. 
In addition, the relation between the AFM and the 
other instruments of the mission had to be considered. 
Firstly, the AFM could physically not be operated in 
parallel with the other MECA instruments (TECP, 
WCL and OM).  Secondly, the use of the AFM prior or 
simultaneous to the use of some other instruments of 
the mission could potentially lead to hardware damage 
or science loss. Thirdly, the AFM had to be switched 
off before any communication between the Lander and 
the satellites, at least at the beginning of the mission. 
 
Finally, the thermal effects had a significant impact 
on the measurements. Firstly, the temperature fluctua-
tions on a martian sol had to be taken in account, lead-
ing to daily starting and ending times for the AFM ob-
servations. Secondly, temperature variations caused by 
the self-heating of the elecronics or by the activation of 
the stage motors influenced the operation of the AFM. 
 
 
Figure 1: SEM image of the AFM chip showing a sensor tip 
(A), the cantilevers (B) and their support beams (C), and a 
reference piezoresistor (D) used in the Wheatstone bridge. 
 
  
10°
10°
 
Figure 2: a) Front view of the AFM scanner with a chip 
mounted on it (above the letters “nano”). b) Orientation of 
the chip relative to the sample (schematic view from behind). 
 
References: [1] H. Sykulska et al., An Overview of 
OM and AFM Data Acquisition by the MECA Instru-
ment on Phoenix, MSMS I, 2009. [2] U. Staufer et al., 
AFM Measurements of Martian Soil Particles, MSMS 
I, 2009. [3] M. Hecht et al., Microscopy capabilities of 
the Microscopy, Electrochemistry, and Conductivity 
Analyzer, J. Geophys. Res., Planets 113, E00A22, 
2008. 
a) b) 
Workshop on the Microstructure of the Martian Surface (2009) 27
 Workshop on the Microstructure of the Martian Surface (2009) 28
ON THE MODELS OF SIZE DISTRIBUTIONS OF MARTIAN MICRO- AND MEGASTRUCTURES.  N. 
I. Perov1, 1Astronomical Observatory, State Pedagogical University, Respublikanskaya, 108. Yaroslavl-150000. 
Russia. E-mail: perov@yspu.yar.ru  
 
 
Introduction:  There are majority empirical mod-
els of distributions of meteoroids, planetary and satel-
lites craters, magnetic spherules and etc.  on different 
parameters [1], [2]. Usually the authors use polyno-
mial, normal, lognormal and bimodal distributions [3]. 
For example it is usually supposed the impact craters 
have power law of size distributions. But this model 
often leads to incorrect results and in such situation  
pay attention to multiinclinations of corresponding 
curves, breaking  up the experimental curves  into sev-
eral parts, each of them is approximated to the power 
law  with different indexes. Moreover cosmic appara-
tus have produced new facts needed for their adequate 
description of “universal” distribution. Functions 
which are  not traditionally presented Martian struc-
tures size distributions have to a) be applied to finite 
and infinite distributions; b) approximate with high 
precision observations  in the region of small diame-
ters and about points contrary flexure; c) turn asymp-
totically into by standard power law at the large mean-
ing of the diameters.      
The Modeling of Martian Craters Size Distribu-
tion:  The function (1) satisfies the above demands. 
N(D)/N0=aDb(exp(cDd )+f)g ,                              (1) 
where N(D) is a number of craters on interval  from D 
to D+ΔD, N0 is a total  number of craters in the statis-
tics.  In order to determinate the values of a, b, c, d,  f, 
g by numerical way and estimate the errors of the sta-
tistics we use the least squares method and criterion of 
Fisher [4]. In two examples below we put N0=935 in 
accordance with [5].  (Though the known total number 
of Martian impact crates is exceed 42283 [6]). 
Example 1: In the region of diameters from 1 km to 
70 km there are 707 Martian craters (in [5]). Using 7 
intervals with step by 10 km we found the parameters 
of this finite distribution (if D<2144 km): lna=5.2799, 
b=-2.0368, c=35.1398,  d=-0.6729,  f=-1.2231, g=-
0.2642. Index of the correlation RND=0.986, the disper-
sion S=0.151 and the criterion of Fisher-Snedecor 
F=7.18. In the table [4] F0.5;5;1=1.89. So, the distribu-
tion (1), with the calculated accuracy, is signified.  
It should be noted 1) the corresponding determi-
nant of the linear system of equations after last itera-
tion equals 0.000063. 2) If   
exp(cDd )+f>0, for all D,                                      (2) 
then maximal value of diameter of impact craters is 
equal to 2144 km (in the given model -1). 
Example 2: In the region of diameters from 1 km to 
260 km there are 935 Martian craters (in [5]). Using 26 
intervals with step by 10 km we found the parameters 
of this (in fact infinite) distribution (if D<2390 km): 
lna=2.4869, b=-1.4922, c=4.2909, d=-0,2453 f=-
1.8898, g=-0.8886·10-12. Index of correlation RND=0.9, 
dispersion S=0.583 and criterion of Fisher-Snedecor 
F=17.09. In the table [4] F0.001;5;20=6.46. So, the distri-
bution (1), with the calculated accuracy, is signified. In 
this case in fact we have power law of size distribution 
of Martian craters.  
It should be noted 1) the corresponding determi-
nant of the linear system of equations after last itera-
tion equals 0.2288·10-18. 2) For condition (2) the 
maximal value of diameter of impact craters is equal to 
2390 km (in the given model - 2). 
Conclusion:  It is obviously the distribution (1) is 
generalized the well-known statistics of Maxwell-
Boltzmann, Fermi-Dirac and Bose-Einstein. The appli-
cations of   the considered distribution to investigate of 
real Martian structures give new scientific results. 
References:  [1] Kocheshkov A. N. et.al. (1992) 
SSR. 26. N 6. 130-134. [2] Golovanov A.S. et.al. 
(1994) Abstracts of papers submitted to the Twentieth 
Russian – American Microsymposium on Planetology. 
Vernadsky Institute of Geochemistry and Analytical 
Chemistry RAS. Moscow. P. 23-24. [3] Barlow N. G. 
and  Bradley N. L. (1990) Icarus, 87. 156 – 179. [4] 
Abramovitz M. and Stegun I. A. (1964) Handbook of 
Mathematical Functions with Formulas, Graphs and 
Mathematical Tables. NBSAM. Series-55. 
[5]http://planetarynames.wr.usgs.gov/jsp/FeatureTypes
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Diam&show=Stat&show=Orig. [6] Brian D. Bue and 
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Geoscience  and Remote Sensing. 45. 1. 265-274.  
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The size of particles in the Martian soil affects the interaction between the surface and 
atmosphere of Mars, and reflects the dominant processes in the soil's production. Here 
we report the particle size distribution for the Martian soil above the ice at the 
Phoenix landing site from 100 nm to 200 µm as determined with a combination of 
optical and atomic-force microscopy. The datasets from each instrument overlap in 
length scales to produce cross verification of the combined results. The ability of the 
two techniques to produce a valid size distribution is further demonstrated by an 
analysis of the JSC Mars-1 soil analogue with comparison to image analysis of 
scanning electron micrographs. 
Two major size categories have been identified: larger grains with a mass-median size 
of 100 µm and finer, reddish dust with a mass-median size of 7 µm and composing 
20% of the soil mass, readily forming aggregates. The soil contains a very low mass 
proportion in the clay size range compared to terrestrial, lunar and martian analogue 
soils, less than 0.1% below 1 µm. The fragmentation fractal dimension of the fines is 
close to zero, indicating that these particles have recorded the smallest scale formation 
processes for this soil and that these processes can produce particles up to 10 µm in 
size. This is inconsistent with aqueous alteration associated with the production of 
phyllosilicates. It is consistent with the soil at the Phoenix site deriving from two 
processes, with the grains produced from a local source such as the nearby Heimdal 
crater while the fines result from long-lived aeolian weathering under generally very 
dry conditions which have persisted for considerably longer than the last 500 million 
years. 
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Introduction:  High altitude dust devils on Arsia Mons 
were observed at elevations of ~17 km [1, 2]. It is not yet fully 
understood how particles of the order of a few µm in size are 
lifted from the surface into the atmosphere [3, 4]. The most 
common assumption is that wind stress picks up dust particles 
from the surface [5]. Wind speeds at mean elevation must be 
larger than ~30 m/s to lift particles and place them into atmos-
pheric suspension [5, 6]. Such high winds occur locally on Mars, 
but the average wind speeds as measured at the Viking lander 
sites and values derived from global circulation models are much 
lower [7, 8]. At the elevations of the Arsia Mons Caldera the 
atmospheric pressure is around 1 mbar, which requires wind 
speeds 2–3 times higher than at the Mars mean elevation for 
particle entrainment. 
Greenhouse and Thermophoresis (GT) effect:  We found 
that the simple illumination of a dust bed at low atmospheric 
pressure provides a mechanism that efficiently lifts dust particles 
into the atmosphere [9, 10]. This lifting process is caused by two 
subtle effects within the dust bed: a greenhouse effect and ther-
mophoresis. Laboratory and microgravity experiments show that 
the light flux needed for lift to occur is in the same range as that 
of the solar insolation available on Mars. This mechanism sig-
nificantly lowers the threshold for dust entrainment by wind 
stress and may help explain the large amount of suspended dust 
on Mars overall. Specifically, this lifting process may help pro-
vide the initial lift necessary for dust devils. 
Data and methods: We searched for active dust devils (dd) 
within the study region (236.5-243°E and 14-5°S) in Mars Or-
biter Camera – Wide Angle (MOC-WA) and Narrow Angle 
(MOC-NA), Thermal Emission Imaging System – Visible 
(THEMIS-VIS), High Resolution Stereo Camera (HRSC) and 
Context Camera (CTX) data. Elevations of dds were derived 
from Mars Orbiter Laser Altimeter (MOLA) and temperatures 
and pressures from Thermal Emission Spectrometer (TES) data. 
The light flux (solar insolation) was calculated for each dd using 
the solar longitude and local time of the dd occurrence. 
Observed dust devils:  We identified 28 active dds within 
the study region; none in MOC-NA, 15 in MOC-WA, 2 in 
THEMIS-VIS, 2 in HRSC and 9 in CTX imagery. The investi-
gated dds are 70 – 2000 m in diameter and 0.18 - 8 km in height, 
hence within the range of other Martian dds [11]. 11 dds occur at 
elevations above 16 km, most of them within the caldera of 
Arsia Mons. The elevations of the other identified dds in the 
study region range between 7-12 km. Based on the areal image 
coverage we calculated the dd-frequency over the solar longi-
tude (LS). Relatively high dd-frequencies were found between LS 
= 340°-360°, at the end of the southern summer. However, sta-
tistically dds seem to occur over the whole Martian year, al-
though the frequency is very low. The absence of dds in some 
LS-bins might be correlated to the low areal image coverage at 
these times (e.g. note the lack of CTX coverage between LS = 
40° - 160°). It is not clear yet if there is a correlation or not be-
tween the seasonal occurrence of the dds and surface tempera-
tures as one would expect if dd activity would simply follow the 
season of maximum insolation [12, 13]. The I/T-threshold for 
dust lifting over the whole Martian year for the observed dds is > 
1.7 W/m2K, which is consistent with the minimum threshold 
value of I/T = 1.5 W/m2K determined experimentally under 
Martian conditions [9, 10]. However, the exact I/T-threshold 
values for Martian dust particles are difficult to constrain and 
likely vary due to composition, particle size as well as to varia-
tions in atmospheric pressures [9]. 
Pressure dependence of the GT-effect:    Recently 
an interplay of a solid-state greenhouse effect (G) and a thermo-
phoretic force (T) that is capable of lifting dust from a surface in 
low pressure gaseous environments has been discovered [9, 10]. 
This GT-effect is strongest if the mean free path of the gas 
molecules is about the dust particles size. Hence, dust particles 
are affected most in the mbar-regime. Laboratory experiments 
were designed to determine the I/T (light flux over temperature) 
threshold of particle ejection for the GT-effect. An unaltered 
Mars soil simulant (JSC Mars 1A) was used as dust sample. We 
find that the GT-effect is strongest around pressures of 1 mbar 
which is in detail reported by Kelling et al. (2009, this work-
shop, [10]).  
Conclusions:   The analysis of active high altitude dust dev-
ils indicate that they do not follow the season of maximum inso-
lation. The initiation of dds only by heating of near surface air 
by insolation as well as the dust lifting process under such low 
pressure (~1 mbar) environments are difficult to explain. Labo-
ratory and microgravity experiments showed that the GT-effect 
significantly lowers the threshold for dust entrainment by wind 
stress [9, 10]. Recent laboratory experiments showed that the 
GT-effect is strongest around pressures of 1 mbar, which might 
explain the existence of high altitude dust devils on Mars. These 
results might also explain that elevation (pressure) is not a con-
trolling factor of dust devil and track formation on Mars [2, 14]. 
We propose that the GT-effect might be a major factor in over-
coming the threshold of dust lifting on Mars. 
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Introduction:  Terrestrial geologists routinely rely 
on a hand lens as an essential tool for initial assess-
ment of qualitative mineralogy and texture of a rock or 
soil while in the field and subsequently return samples 
to the laboratory for preparation of thin sections and 
examination with a petrographic microscope. For pla-
netary geology, in-situ instruments such as the Micro-
scopic Imagers (MI) on the Mars Exploration Rovers 
(MER) and the Robotic Arm Camera (RAC) on Phoe-
nix have proven their scientific value as the equivalent 
of a hand lens for robotic field geologists [1,2]. The 
Microscopy, Electrochemistry & Conductivity Analys-
er (MECA) on Phoenix has extended in-situ capabili-
ties by providing imagery of soil samples at magnifica-
tions previously available only in a terrestrial laborato-
ry [3]. However, the capability of a petrographic mi-
croscope to provide definitive mineralogy while pre-
serving the microtextural context of rock samples is 
not yet feasible for in-situ robotic geology. 
Our studies show an infrared, multispectral, micro-
scopic imager (MMI) can provide capabilities inter-
mediate to those of a hand lens and a petrographic 
microscope, while remaining within the tight con-
straints on mass, power, and reliability required for 
small and medium-class landers and rovers. Such an 
instrument may also be described as “intermediate” in 
terms of its spectroscopic capabilities, in this case be-
tween those of rover-mast-mounted imagers and those 
of much larger instruments supported by orbiters for 
remote sensing. As an example of the former, Pancam 
on MER provides 11 spectral bands in the range from 
0.4 to 1.0 µm. Examples of the latter include the Com-
pact Reconaissance Imaging Spectrometer for Mars 
(CRISM) on the Mars Reconaissance Orbiter (33 kg, 
with 544 bands spanning 0.36 to 3.9 µm) and the 
Moon Mineralogy Mapper (M3) on Chandrayaan 
(8 kg, with 258 bands covering 0.43 to 3.0 µm).  
Our field-portable Multispectral Microscopic Im-
ager (MMI, shown in Fig. 1) provides intermediate 
spectroscopic capability – 21 bands covering 0.47 to 
1.7 µm – at no significant increase in mass, power, or 
cost compared to instruments such as the MI and the 
RAC. Replacing the CCD with a single, substrate-
removed, InGaAs focal-plane array (FPA) extends the 
spectral range to 1.7 µm. Additional light-emitting 
diode (LED) emitters increase the number of spectral 
bands to 21 with negligible impact on the overall mass. 
The FPA does not require cooling and only one LED 
wavelength is active at any one time, so power re-
quirements are also similar.  
Illuminator Design:  The RAC and MECA Opti-
cal Microscope (OM) have demonstrated the ability of 
LED illumination to provide color imaging capability 
without the need for a filter wheel mechanism, mul-
tiple FPAs, or Bayer-pattern filters. While the design 
of the illuminators for these color imagers is less than 
critical, the addition of even modest capability for ref-
lectance spec-
troscopy intro-
duces additional 
challenges in the 
design of the 
illumination sys-
tem. We have 
developed and 
tested a range of 
designs to optim-
ize the quality of 
the reflectance 
spectra. Example 
results are shown 
in Fig. 2. 
 
References: [1] Herkenhoff, K. E. et al. (2008) J. 
Geophys. Res. 113, E12S32. [2] Keller, H. U., et al. 
(2008), J. Geophys. Res. 113, E00A17. [3] Hecht, M. 
H., et al. (2008) J. Geophys. Res., 113, E00A22. 
Fig. 2: RGB color composites acquired by the MMI 
from Apollo lunar sample 14321,88; Natural-color 
(RGB = 660, 525, 470 nm) on the left and infrared 
false-color (RGB = 1450, 975, 525 nm) on the right. 
Subframes shown here are 25 x 32 mm with 62.5 
µm pixels.  
Fig. 1: MMI for laboratory and 
field use. 
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Introduction: The MECA microscopy experi-
ment1 comprised an optical and a scanning force mi-
croscope [AFM]. In the AFM, a small tip mounted to a 
vibrating spring-lever raster scans the surface. The 
resonance frequency of the cantilever shifts as a func-
tion of the force gradient between sample and tip. Dur-
ing probing of the sample, this is used as a servo signal 
to control the distance from the sample. The servo sig-
nal plotted as function of the x-y tip position repre-
sents therefore a 3D iso-interaction map of the sam-
ple’s surface, usually referred to as the topography. 
The remaining frequency shift in the cantilever reso-
nance is called the “error signal” because it indicates 
how well the feedback loop could stabilize the fre-
quency, i.e. lock to constant interaction. 
Operations: The AFM of the MECA instrument 
suit has executed 85 experiments of which 26 were 
needed for calibration and for initially defining opera-
tional parameters. Of the remaining experiments about 
half (28) returned images where at least a signature of 
particles could be discerned.  
On sol 98, we successfully cleaved the first tip and 
cantilever, which was contaminated by that time, and 
continued operation with the second probe.  
In many cases, the digital feedback was saturated 
and the only or main information returned was found 
in the error signal. It is not possible to get absolute 
height information of the particles in those cases, how-
ever, horizontal dimensions and shape plus relative 
height can still be retrieved. 
Experimental results: A complication in interpret-
ing the AFM data is the so called tip-sample dilation, 
which refers to the fact that when scanning high aspect 
ratio features, the AFM tip shape gets convolved into 
the measurement. This leads to an increased lateral 
size and could also falsify the shape; the height is usu-
ally not affected as long as the tip is stable.  
We observed spheroidal and platy particles of 
which examples are shown in figure 1 and 2. The full 
collection of all the AFM data which contains informa-
tion about particles will be presented. The size distri-
bution derived from these images was used in combi-
nation with the results from the optical microscope to 
assess the whole range from 100nm to 200µm (c.f. 
T.W. Pike et al; this workshop). 
 
 
Figure 1: This picture shows an example of a spheroidal 
particle (in the center) and more platy particles on the top 
side. 
 
 
Figure 2: This picture shows parts of platy particles of which 
the right one appears as denticulated. 
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On Earth, the presence of carbonate minerals is asso-
ciated with water.  Pegmatites, are the course-grained 
rocks that form from the last remaining fluids of a 
magma, after much of the rest of the molten rock has 
crystallized.  Calcite (CaCO3) crystals are evidence that 
the fluids contained both CO2 and H2O.  Calcite can 
also form as a secondary, vein-filling mineral, when 
magmatic rocks are alterned by hydrothermal fluids 
rich in CO2.  The sedimentary rock record on Earth 
contains massive deposits of carbonate rocks, chiefly 
limestone and chalk.  Some have formed inorganically, 
when waters have become supersaturated with bicarbo-
nate (HCO3) and predominantly Ca, but also Mg and 
Fe.  Deposits of calcite, magnesite (MgCO3) and side-
rite (FeCO3) have been the result  Most carbonate 
rocks on Earth have been formed biogenically, from 
the hard parts of marine organisms, such as corals and 
some species of algae, which produce calcite, and mol-
luscs, which produce aragonite, a polymorph of CaCO3 
that has a different crystal structure.   
All of these occurrances of carbonate minerals re-
quire water as a precipitation medium.  Some of them 
reflect the presence of life.  This suggests that we could 
use observations of carbonate minerals on Mars to 
demonstrate the existence of lakes or oceans, now or in 
the past.  If the carbonate minerals have an intricate 
form, we might be tempted to identify them with the 
presence of life.  However, it is not so simple. 
Studies using high resolution surface techniques 
show that calcite can form, even when liquid water is 
not present, in the thin film that adsorbs on mineral 
surfaces from the humidity in air.  This layer, about 15 
Ångströms thick, is present even at less than 5% rela-
tive humidity.  This gives interesting implications for 
mineral formation and recrystallisation, even in ex-
tremely dry conditions, i.e., one does not need a stand-
ing body of water to make carbonate minerals. 
Another set of studies has shown that calcite can 
crystallize with morphologies  that look biogenic, from 
completely inorganic systems.   This is a caution that 
even intricate formations may not indicate the presence 
of an organism. 
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Introduction: The MECA instrument group (Mi-
croscopy, Electrochemistry and Conductivity Analyz-
er) onboard the Phoenix spacecraft included a micro-
scopy station that that consists of an Optical Micro-
scope (OM) and an Atomic Force Microscope (AFM) 
[1] as pictured in Fig. 1. Ten samples in total were col-
lected by the microscopy station for analysis with the 
OM and the AFM. Each was collected on a separate 
substrate set, shown in Fig. 2. Eight samples were deli-
vered by the Robotic Arm and two collected passively 
from the air. The substrates were distributed around a 
sample wheel allowing translation and rotation from 
the loading position to the viewing position of the mi-
croscopes. The axis of rotation was at 45° to the vertic-
al, such that the substrates were loaded when horizontal 
and then imaged in a vertical orientation. Although 
each sample survey was carried out differently accord-
ing to the nature of the sample and the other operations 
on Phoenix at the time, a general sample acquisition 
and imaging procedure was followed, as will be de-
scribed. Sample acquisition and delivery to the micro-
scopy station will also be described. 
In total, the OM acquired 3618 images while the AFM 
acquired 85 sets of scan data. 
n 
 
 
Figure 1: The MECA microcopy station assembly. 
h 
Optical Microscopy: The OM has a monochrome 
CCD (256 x 512 pixels) and used two sets of red, green and 
blue LEDs to illuminate the sample. Monochrome images 
were usually taken while illuminating the sample with the 
Blue LEDs only. Composite colour images were acquired by 
xxxxxx 
 
 
Figure 2: The sample wheel (SWTS) as populated by the end 
of the mission. There are ten sets of six substrates, and a 
calibration set. 
h 
combining images using the red, green and blue LEDs. Cali-
bration substrates provided information such as the relative 
intensities of the LEDs. Pre-sample images were acquired to 
determine what was on the substrate prior to sample delivery. 
From the raw data, colour images, fluorescence images, mo-
saics of adjacent fields, and through-focus series of images 
can be created. These products will be described. A scientific 
analysis of the OM data will be presented at this workshop 
by Goetz et al [2]. 
 
Atomic Force Microscopy: Similarly, AFM imaging 
comprised of calibration images as well as sample images. 
OM context images were used to select targets for the AFM 
samples. A description of the overall data will be given, as 
well as the procedure of tip breaking which occurred on Sol 
98, and how this affected the subsequent OM context images. 
A scientific analysis of the AFM data will be presented at 
this workshop by Staufer et al [3]. 
 
References: [1] M Hecht et al (2008) Microscopy 
capabilities of the Microscopy, Electrochemistry, and 
Conductivity Analyzer, Jour. of Geophysical Research - Planets 
113 Article Number: E00A22 (2008), [2] W Goetz et al Differ-
ent Types of Phoenix Soil Particles as Inferred from Microscop-
ic Color Images, MSMS I, 2009. [3] U Staufer et al , AFM 
Measurements of Martian Soil Particles, MSMS I, 2009. 
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CORROSION MORPHOLOGIES OF NATURALLY WEATHERED TERRESTRIAL PYROXENE:
IMPLICATIONS FOR PRELIMINARY RESULTS FROM THE MARS PHOENIX LANDER ATOMIC
FORCE MICROSCOPE.  M. A. Velbel and A.I. Losiak, Department of Geological Sciences, Michigan State Uni-
versity, East Lansing, MI  48824-1115 U.S.A. (velbel@msu.edu).
Introduction:  Pyroxene is a geochemically im-
portant mineral on Mars.  It has been identified in Mars
surface materials by instruments on the Mars Explora-
tion Rovers and several Mars orbiters.  Pyroxene dis-
solution is inferred to have contributed significantly to
the solute composition of inferred Martian groundwa-
ters.  Pyroxene is also a major constituent of Mars
meteorites, including nakhlites and many shergottites.
The Mars Phoenix Lander (MPL) Microscopy,
Electrochemistry, and Conductivity Analyzer (MECA)
atomic force microscope (AFM) imaged sawtooth
features several microns in length, that strongly resem-
ble denticles known to form by low-temperature aque-
ous corrosion of naturally weathered pyroxenes on
Earth [1,2].  This contribution examines selected mor-
phometric attributes of corrosion textures on naturally
weathered terrestrial pyroxene tests two hypotheses:
(1) Denticle geometry can be used to infer the compo-
sition of the parent pyroxene; (2) Morphologic attrib-
utes of the denticle in the MPL MECA AFM image is
consistent with  low-temperature aqueous corrosion.
Background: Pyroxene corrosion during terres-
trial low-temperature aqueous alteration (weath-
ering): Denticulated margins (also known in older lit-
erature as “sawtooth”, “cockscomb” or “hacksaw”
terminations) are a common feature of pyroxenes, visi-
ble in transmitted-light microscopy of grain mounts
and thin-sections, and by electron microscopy.  Denti-
cles are remnants of undissolved material that formerly
constituted the walls between elongate almond-shaped
etch pits (the characteristic aqueous-dissolution form
of chain-silicate minerals) [1], and occur where a grain
boundary, transmineral fracture or dislocation array
transects the crystal at a high angle to the z-axis [1].
Denticles occur widely in terrestrial near-surface mate-
rials that have experienced low-temperature aqueous
alteration, including chemically weathered regoliths,
soils in a variety of climatic and geomorphic settings,
sediments and sedimentary rocks [1].  Denticles are
similar in form and dimensions (commonly tens of
microns in length) across a range of pyroxene compo-
sitions and low-temperature alteration environments
[1].  Denticles on weathered terrestrial chain silicates
[1,2] are similar in shape and distribution to micron-
scale features reported from recent MPL mission data.
Methods:  Apparent apical angles of denticles on
naturally weathered terrestrial pyroxenes were meas-
ured from published scanning electron microscopy
(SEM) images [3].  Secondary-electron images of
grain-surface microtopography were selected from [1]
and references therein.
Results:  Apical angles on corroded pyroxenes can
vary considerably among multiple denticles even in
single images showing multiple identically oriented
denticles on the same corroded pyroxene surface.
Denticle apical angles in typically range over as much
as 20° in single images; the maximum range observed
for this study was nearly 50°.  Different images of dif-
ferent but compositionally similar pyroxene grains can
have non-overlapping ranges of apparent apical angles,
even among images from the same parent material and
weathering profile.  Some images of corroded enstatite
yield ranges of apical angles identical with some im-
ages of corroded augite, indicating that apical angle is
not diagnostic of composition.
Discussion: Denticles on pyroxenes are the cor-
roded remnants of etch-pit walls.  Not only are pyrox-
ene etch-pit walls not crystal planes of the corroded
pyroxene; some are visibly curved.  Such curvature of
denticle surfaces complicates the measurement of ap-
parent apical angles.  Furthermore, because of the large
depth-of-field of SEM, some variation of apparent an-
gle is to be expected based on variable and non-
uniform orientations of imaged surfaces.  Conse-
quently, there is presently insufficient basis for quan-
titative interpretation of denticle morphology, although
qualitative comparison is still informative.
Conclusions: Ranges of at least some morphomet-
ric parameters of corroded terrestrial pyroxene surfaces
are so large that a wide range of measured angles could
correspond to a wide range of pyroxene compositions
and specific corrosion forms.  Nevertheless, the simi-
larity of demonstrably aqueous weathering-related ter-
restrial chain-silicate denticles with morphologically
similar features on Mars is consistent with inferences
of a low-temperature aqueous origin of the Mars min-
eral denticles.
References: [1] Velbel M. A. (2007) Develop-
ments in Sedimentology 58, 113-150. [2] Velbel M. A.
and Barker W. W. (2008) Clays & Clay Minerals 56 ,
111-126. [3] Velbel M. A. and Losiak A. I., in review.
Workshop on the Microstructure of the Martian Surface (2009) 43
 Workshop on the Microstructure of the Martian Surface (2009) 44
